This paper presents a novel magnetically levitated (maglev) 
Introduction
The demands for high-precision positioning stages have increased dramatically in the last decades. Among many applications that require high-precision positioning, nanomanipulation is one of the most important processes in nanotechnology that enables us to control and fabricate nanoscale objects. A nanomanipulation system must actuate to load, position, and orient nanoscale objects very precisely, and requires high accuracy, long-range motion, multi-DOF motion generation, and wide control bandwidth ͓1͔. However, there are many theoretical and practical challenges in this early nanopositioning and nanomanipulation research stage. Important technical issues include the development of highprecision manipulation methodologies and the tools for specific applications ͓2͔.
Nanoparticles and nanorods can be positioned on a surface by mechanical pushing ͓3͔. One of the most widely used nanomanipulation systems is based on the piezoelectric actuation technology ͓4,5͔. However, there are several technical challenges with piezoelectric actuators. ͑1͒ The accuracy is greatly influenced by thermal drift under temperature variation. ͑2͒ The hysteresis in the piezoelectric materials reduces the repeatability in positioning. ͑3͒ A slow creeping motion after a large voltage step results in a significant positioning error ͓6͔. Besides piezoactuation systems, there are other types of positioners including a high-speed precision stage with 0.69 nm resolution using a nonresonant-type ultrasonic motor ͓7͔. However, the motion of this system is limited in only one axis.
A promising solution for nanoscale positioning is the magneticlevitation technology. It has been successfully implemented in various applications, such as high-speed train suspension, vibration isolation, magnetic bearings, electromagnetic launchers, superconducting gyroscope rotor suspension, and precision positioning ͓8͔. Advantages of the maglev technology include the following. ͑1͒ Because there is no friction, no lubricant and precision bearings are needed. As a result, the fabrication cost can be significantly reduced. ͑2͒ Without friction, stiction, and backlash, the system dynamics is simple, and the repeatability and resolution is excellent. ͑3͒ A single-moving part can produce and control all 6 axis motions without additional linkages. This structural simplicity increases the natural frequencies, which allows a highbandwidth control, thereby reducing the system response time. ͑4͒ The light moving-part mass also leads to low power consumption. ͑5͒ It is compatible with clean-room or vacuum environments without particulate generation, which is highly suited for the nanotechnology and semiconductor manufacturing industries.
The maglev technology has been successfully applied in precision motion control. Hajjaji and Ouladsine ͓9͔ built a nonlinear control model for long-range movement of a maglev system, and tested it by real-time control implementation. Takahara ͓10͔ showed the applicability of a maglev concept in a precision antenna pointing system. Gupta et al. ͓11͔ developed a steering mirror. Hollis and Salcudean ͓12͔ demonstrated the applicability of maglev instruments in teleoperation, haptic interface devices, and vibration isolation. Salcudean et al. ͓13͔ built a 6-DOF gravity cancellation system for aerospace experiments by using maglev technology. Menq et al. ͓14͔ achieved the 6-DOF levitation and position control of a 2.4 kg part. A planar maglev positioner with air-core solenoids and permanent magnets was designed by Jung and Baek ͓15͔. This positioner had a lower resolution than the stage presented in this paper.
There are several key aspects regarding possible improvements of the maglev systems developed in previous work-resolution, compactness, response time, and travel range. ͑1͒ Chen and Busch-Vishniac ͓16͔ constructed a maglev 2 axis probe station with a 200 nm resolution for semiconductor fabrication. However, microelectronic feature sizes shrank into the sub-100 nm realm in recent years. ͑2͒ Kim and Trumper ͓17͔ developed a maglev stage with 5 nm rms lateral resolution and 25 nm rms vertical resolution using four three-phase levitation motors. Its dynamic performance could have been better if it had had a more compact structure with a minimum number of actuators. For example, the four actuators, each of which provides multiple axes of force, give redundant driving capability and cause a significant coupling to the system. ͑3͒ Holmes et al. ͓18,19͔ achieved sub-nanometer resolution by floating his stage in oil. However, the bandwidth of such a heavily damped stage was only 1 Hz that made the stage slow in response to motion commands. ͑4͒ Most commercially available nanopositioners have a coarse moving stage while their fine travel range is still less than 100 m. As a result, it is difficult to use such stages to search or scan an area bigger than 100ϫ 100 m without sacrificing resolution or speed.
We herein present a novel 6-DOF maglev-stage design that can overcome the shortcoming of the existing stages. The lightweight, compact, single-moving-part structure with the minimum number of actuators facilitated improved resolution, large bandwidth, increased travel range, and reduced power consumption compared to existing systems. Specifically, the moving-part mass of our stage is 0.2126 kg, and the whole system consumes only 15 mW in each lateral actuator and 320 mW in each vertical actuator in steady state. Our maglev stage achieved the position resolution of 2 nm rms in lateral translation, 25 nm rms in vertical translation, and 300 nrad rms in rotation. This fine position resolution is maintained throughout the 300 m translational travel ranges and 3.5 mrad angular travel ranges. A 10 ms settling time was obtained by a controller with a 90 Hz crossover frequency. Other notable achievements include 1 m / s maximum speed and 2 g maximum acceleration. Figure 1 is a photograph of the maglev system we developed.
A detailed discussion on the electromechanical design and construction is presented in Sec. 2. An analysis and design of the linear magnetic actuators is given in the later part of the section. Sections 3 and 4 discuss the issues of magnetic actuation force, dynamic modeling, and control system design. Following is a noise propagation model and analysis to determine the contributions of various noise sources given in Sec. 5. Based on this noise analysis, an engineering tradeoff is made to select the optimal control bandwidth. The test results presented in the last section demonstrate the rapid 3D nanopositioning capability of this compact minimum-actuator magnetic levitator. Figure 2 shows an exploded view of the mechanical setup of the maglev stage. Its maglev single-moving part, namely the platen, consists of a triangular pocket-milled aluminum core, cylindrical magnet pieces for the six linear actuators, a viscoeleastic passive-damping layer, and a constraint layer.
Electromechanical Setup

Mechanical Setup.
The total mass of the platen was found only 0.2126 kg by a precision balance. This small mass of the levitated platen resulted in low power consumption, 15 mW by each horizontal actuator in steady state and 320 mW by each vertical actuator to cancel the gravitational load. The triangular aluminum core has three pockets made by a CNC ͑computer numerical control͒ machine to reduce the moving-part mass. The three extruded arms hold the horizontal magnets. To be used as the target of the capacitance gap sensors, the bottom surface of the platen was ground to a surface roughness of 2.54 m. Three plane mirrors were fixed on the sides of the platen by a 127 m thick double-sided tape. A 1.52 mm thick C1002 shear damping sheet by E-A-R Specialty Composites and a stainless-steel constraint layer were attached on top of the platen core. This viscoelastic passive-damping mechanism damps out the vibration of the mechanical parts; the mechanical energy in the constraint layer's motion relative to the platen core is dissipated in the viscoelastic damping layer.
All the stationary parts such as six actuator coils, their holders, and capacitance sensors are mounted on a 55.4 mm thick aluminum base plate. This base plate thickness was decided to ensure a high natural frequency of 2.49 kHz determined by a finite-element ͑FE͒ analysis. The whole maglev system is placed on a precision optical table that reduces the vibration transmitted from the lab floor. Experiments showed that the optical table would transmit electronic noises, such as 60 Hz power-line noise to the base plate. Since this noise could greatly increase the noise level in the capacitance sensors, a piece of 254 m thick plastic shim was inserted between the base plate and the optical table.
Linear Magnetic Actuators.
The six-axis forces are generated by three horizontal actuators and three vertical actuators ͓20͔. By controlling the currents through the coils in the six linear actuators independently, the platen can generate all 6-DOF motions. Figure 3 shows a schematic diagram of one of the six linear magnetic actuators in the maglev stage. Two cylindrical magnet pieces are placed with the same ͑south͒ poles facing against each other. A nonmagnetic spacer separates the two magnet pieces. The coil generates north and south poles governed by the right-hand rule. With the pole arrangement depicted in Fig. 3 , upward axial force can be generated for the magnets with respect to the station- Two magnets were glued with a 3.84 mm thick aluminum spacer whose thickness was determined to generate the maximum force ͓21͔. The magnet assembly was fixed inside two coaxial circular holes on the extruded arms of the platen. For vertical actuators, the magnets were glued on aluminum spacers with three tapped holes. Each spacer was then fastened to the bottom surface of the platen with three screws. In the magnetic actuators, each cylindrical neodymium-iron-boron ͑NdFeB͒ magnet with energy product ͑BH max ͒ of 0.4 MJ/ m 3 ͑50 MGOe͒ has the diameter of 11.684 mm and the height of 9.525 mm.
The coils for the actuators are made up of single-build AWG#21 ͑diameter = 0.724 mm͒ copper magnet wire with 179 turns each. The coils have the inner diameter of 12.2 mm, the outer diameter of 32.5 mm on average, and the height of 9.55 mm. The resistance and the inductance of a coil are 0.552 ⍀ and 0.5 mH. A professional coil manufacturer, WireWinders, made the coils, and ensured the inner diameter tolerance better than 25.4 m. Vertical coils were glued with PC-7 epoxy on small aluminum spacers to be fastened on the base plate. Horizontal coils were first glued to the coil holders using a fixture we developed to precisely locate the coil. The coil holders were then screwed on the base plate.
The high precision required in assembly and machining in this maglev nanopositioning instrument necessitated an error analysis. Because the errors are accumulated or amplified where two or more parts are joined, we tried to minimize the part counts. We used the error transformation method to quantify the effects of individual error sources correctly and the accumulation of the errors ͓22͔. The error matrices were revised while we performed design iterations. This error analysis estimated an assembly and machining tolerance no greater than 50 m in the whole mechanical system ͓23͔.
Dynamic Modeling
A 3D FE model of the mechanical system was built using SolidWorks. The system parameters such as the center of mass ͑CM͒, inertia matrix, and natural frequencies were calculated with this FE model. As the lowest resonance frequency of the platen was found to be greater than 1 kHz, it was unlikely that control signals with an expected maximum bandwidth of 100 Hz would excite a resonance mode. Due to the noncontact nature of this maglev system, the open-loop damping and stiffness would be negligible. Thus, we chose to use a pure mass model in the platen rigid-body mode. Figure 4͑a͒ gives the definition of the axes and the numbering convention for each actuator for dynamic modeling and control purposes.
Plant Transfer Functions.
For translation, the equation of motion is as the following by the Newton's second law.
where M is 0.2126 kg. The expression for the modal force f will be derived in the following section. Thus, the open-loop plant transfer function for translational motion is
Likewise, the open-loop plant transfer function for rotation is
where T refers to the torque about an axis, and I, the corresponding moment of inertia. The values of the moments of inertia were calculated as I xx = 133, I yy = 122, and I zz = 236 in 10 −6 kg m 2 with SolidWorks. The coordinate axes we chose in Fig. 4͑a͒ are almost principal, and all the products of inertia are less than 3% of the moments of inertia. Thus, we ignored the products of inertia.
Actuator Force Calculation and Experimental
Verification. The force generated by the interaction between the permanent magnet and the coil current follows the Lorentz force equation, f = ͐͑J ϫ B͒ dVЈ, where J is the current density flowing through the coil, and B is the magnetic flux density produced by the magnet. The magnet assembly produces a magnetic filed on the current-carrying coil placed concentric to the magnet assembly. The magnetic scalar potential, ⌿ defined as B =− 0 ٌ ⌿ was obtained by the following superposition integral ͓24͔.
where m is the volume magnetic charge density in the magnet, and r and rЈ are the position vectors to an observer on the coil and an infinitesimal volume segment dVЈ in the magnet, respectively. Then, the resulting force can be found from the triple integral of J ϫ B over the whole coil volume VЈ. Following is the full expression of this actuator force ͓21͔.
A MATHCAD code we wrote evaluated the above integration. Because of the difficulty in deriving a closed-form expression from Eq. ͑5͒, we chose to calculate the force with respect to a set of given values of z, and used the "polyfit" command in MATLAB to obtain a polynomial expression in a least-square sense. Equation ͑6͒ is the expression for the vertical actuator force.
where i is the current through the coil, and z is the axial displacement of the magnet assembly from the center of the coil. Because the maximum displacement z is 300 m, the first term in Eq. ͑6͒ is negligible compared to the second term. In other words, the actuator force f z does not significantly depend on the actual displacement of the magnets inside the coil. Hence, for simplicity, a linear relation f z = k f i is used to calculate the current required to generate a given force with the force constant k f = 0.83895 N / A for the vertical actuators. The force constant for the horizontal actuators is twice as large as that of the vertical actuators since there are two magnet pieces in the horizontal actuators. The total vertical force with a nominal 1 A current in each of the three vertical coils is 2.52 N which is sufficient to levitate the platen mass of 0.2126 kg against the gravity. The maximum coil current delivered by a power amplifier was set as 2.5 A, which can provide additional 2 g ͑20 m/s 2 ͒ acceleration in the vertical direction and a 1.5 g ͑15 m/s 2 ͒ acceleration in the horizontal direction. Experiments were performed to verify the analysis, especially the value of the force constant in Eq. ͑5͒. Various deadweights were placed as payload on the platen while the stage was operational in closed loop. A plot of desired current to maintain position versus applied payload is shown in Fig. 5 . The small circles shown on the plot are the experimental data points and the straight line is their least-square fit by MATLAB. Note the clear linear relation between the coil current and the actuation in the figure. The slope of the line was found to be 0.7982 N / A, and the offset of −2.097 N canceled the gravitational load to the platen mass of 0.2126 kg. The error between empirical and theoretical values is less than 5%. The possible reason of the error may be inaccurate reading of data due to continuous fluctuation in current while in closed loop.
Modal Force Transformation.
Let us define the six independent actuator forces to be f 1 , f 2 , and f 3 as the forces generated by the horizontal actuators, and f 4 , f 5 , and f 6 generated by the vertical actuators, following the numbering convention in Fig.  4͑a͒ . In Eqs. ͑2͒ and ͑3͒ the forces/torques act at the platen CM and are called modal forces/torques. We need to allocate these modal forces/torques to the six actuator forces. Figure 4͑c͒ illustrates a conceptual force allocation. By applying six equilibrium conditions around the platen CM, we derived the following modal force transformation matrix. 
where geometric parameters ͑l's͒ represent the moment arms for the modal torques. For instance, l 1x is the distance in the x axis from the first actuator to the y axis. The zeros in the top-left and bottom-right parts of this transformation matrix reveal the intended independence between the vertical modes and the horizontal modes.
Modal Displacement Transformation.
Similarly to the modal force transformation, a modal displacement transformation matrix was derived to relate the sensor measurements to the position of the platen CM. An Agilent Technologies interferometer system gives a 3-DOF position information of the maglev stage, i.e., translations in x and y and rotation around the z axis. The laser head ͑Model 5517D by Agilent͒ produces a 632 nm HeNe laser beam. The laser axis board ͑Model 10897B by Agilent͒ gives 35-bit displacement data with 0.6 nm resolution and 24-bit velocity data at a 10 MHz update rate. Three capacitance sensors ͑Model 2810 probes and Model 3800 electronics by ADE͒ fixed on the base plate are used to measure the translation in z and rotations around the x and y axes. The choice of capacitance sensors in the vertical mode was due to a relatively loose requirement of vertical position resolution and inconvenience in the placement of optical parts beneath the moving stage. As it can be seen in Sec. 5, the large noise of our capacitance sensors contributes to the lower resolution of the z axis motion.
With the definitions of the geometric parameters shown in Fig.  4͑b͒ , the displacement transformation matrix was derived to be 
͑8͒
where y 1 , y 2 , and x 1 are the horizontal position measurements and u 1 , u 2 , and v 1 are the horizontal velocity measurements by the laser interferometers, and z 1 , z 2 , and z 3 are the vertical position measurements by the capacitance sensors. On the right-hand side of this transformation, y, x, z, , , and are the six-axis modal displacement variables, and u, v, and r are the horizontal velocity variables of the platen CM. With the dynamic model of the maglev system, the actuation force calculation, and the modal force and displacement transformations derived in this section, we were ready to design and implement a control system.
Control System
By Earnshaw's theorem, 6-DOF magnetostatic levitation in free space is inherently unstable because the permeability of any material is always greater than that of free space 0 ͓25͔. Thus, six independent lead-lag controllers were designed and implemented for each of the six axes to stabilize the maglev system. With the modal force and displacement transformations applied, the whole maglev system can be considered a collection of six independent single-input-single-output ͑SISO͒ systems. The design of six independent SISO controllers can be easily implemented into our electrical system without overloading the processor.
We used the MATLAB RL ͑root-locus͒ tool to select the control parameters. The damping ratio was chosen to be 0.7 and the phase margin, 52°at a crossover frequency of 50 Hz. Equation ͑9͒ is the lead-lag compensator designed for the z axis motion control. The free pole at the origin in the s-plane eliminated the steadystate error. By using the zero-order-hold ͑ZOH͒ method with a 5 kHz sampling rate, this continuous model was converted to a discrete-time model
We used the same controller for the x and y axis motion control. The controllers for the three rotational axes have the same polezero locations with the controller gains of 96.872, 54.575, and 50.221 N for , , and , respectively. We implemented the control laws in real-time C on a digital signal processor ͑DSP͒ board ͑Model 4284 by Pentek͒, and developed a user interface on a VME PC ͑Model 7751 by VMIC͒ in Cϩϩ. A timer routine measures the execution time of the control routine. It shows that in every 200 s sampling period, approximately 70 s is used for the real-time control, and the rest of the sampling period is used for nontime-critical background routines such as transferring and saving data. Thus, the present instrumentation possesses the computing power to implement more complicated control algorithms. Figure 6 shows the overall control loop of the maglev system. Any dynamic coupling among the vertical modes and the horizontal modes may create unwanted erroneous motions. This unmodeled dynamics may degrade the stability and transient performance of the control system ͓15͔. Therefore, in the design phase, the six magnetic actuators were intentionally placed to minimize dynamic coupling. To minimize the coupling between vertical and horizontal motion, we implemented a feedforward compensation strategy into our control system. Details on this feedforward compensation strategy can be found in ͓17͔.
Noise Analysis
The positioning capability is largely affected by the noise performance of individual components in the system. The significant noise sources include electronics noise, floor vibration, analog-todigital ͑A/D͒ and digital-to-analog ͑D/A͒ quantization, and laser interferometer quantization. In the control loop, each noise source makes its own contribution to the final position noise. Since all the noises are considered as random signals, a stochastic system analysis method is used to model and predict the noise effects ͓26͔. We present the analysis of the position noise in x in this section. We also use the noise analysis for the selection of the optimal control bandwidth.
Noise Components and their Propagation.
In our noise/ disturbance propagation model, the disturbance W d enters the control loop as an additive force input to the plant. It includes the disturbance from floor vibration and D/A quantization. The sensor noise V n includes sensor electronics noise, A/D quantization, and A/D electronics noise. For the measurements in the x and y axes, we consider the quantization noise from the laser interferometry. We assume that all the noises in this model are zero-mean white Gaussian noises ͑WGNs͒. Each WGN is modeled to pass through a first-order low-pass shaping filter before it enters the control loop. The cutoff frequencies of these shaping filters were chosen empirically at 500 Hz, an order higher than the control bandwidth.
Defining ⌬ to be the position resolution of the laser interferometer system, the covariance of the laser interferometry quantization noise is given by ͓27͔ where ⌬v =10/2 16 = 1.53ϫ 10 −4 V with the 16-bit D/A resolution and the ±5 V D/A output swing. The factor of 0.84 is the gain from the D/A output to the force generated by the horizontal Fig. 7 Noise contributions from various sources "a… in the horizontal modes, and "b… In the vertical modes Fig. 8 Convariances of the theoretical sensor noise and disturbance, and an empirical result with respect to the crossover frequency in the horizontal modes. To find the total theoretical noise convarience, the two components "disturbance and sensor noise… should be added. Note that the magnitude is in a logarithmic scale. The floor vibration transmitted through the optical table was measured and recorded by a precision accelerometer ͑Model 393C by PCB Piezotronics͒ with a storage oscilloscope ͑Model 54624A by Agilent͒. The covariance of the floor vibration in the x axis on the optical table is found to be 3.99ϫ 10 −5 N 2 / ͑rad/ sample͒. Equation ͑13͒ below was used to convert the above noise covariances to the equivalent continuous-time spectral density S. The sampling rate is 5 KHz. 
ͪ, ͑13͒
where 2 represents one of the noise covariances obtained previously and equals to the discrete-time spectral density. Then, the following Eqs. ͑14͒ and ͑15͒ give the relationship between the spectral density of the noise component and its contribution to the covariance of the collective position noise ͓26͔.
where G c ͑s͒ is the transfer function of the controller. Evaluating these integrals using MATHCAD yielded the noise contributions from each noise/disturbance source as shown in Fig. 7͑a͒ . Similarly, we calculated the noise contributions in the vertical axis as shown in Fig. 7͑b͒ . This noise analysis showed that the major noise components in the horizontal and vertical modes were the floor vibration, and the capacitance sensor and A/D electronic noises, respectively ͓21͔. Thus, the floor vibration should be isolated more effectively, and quieter A/D converters and capacitance sensor electronics should be employed for further reduction of position noise.
Selection of the Optimal Control Bandwidth.
According to Eqs. ͑14͒ and ͑15͒ from the noise/disturbance propagation model, the noise level is related to the transfer function G c ͑s͒. Therefore the selection of the crossover frequency based on this noise/disturbance propagation model developed in the previous section is an essential task to optimize the closed-loop system's noise performance and transient response. By using Eqs. ͑14͒ and ͑15͒, we could predict the noise level with controllers with various crossover frequencies. Figure 8 shows both theoretical and experimental results for the noise/disturbance level with respect to the crossover frequency in the horizontal axis. We can clearly see the Transactions of the ASME opposite effects of the crossover frequency on the disturbance and the sensor noise as predicted. In the horizontal modes, the disturbance is greater than the sensor noise by an order of 2 or 3. As a result, the overall position noise is smaller at a higher crossover frequency. The experimental data ͑the solid line͒ in Fig. 8 shows the same trend as the theoretical analysis ͑the addition of the dashed and dash-dotted lines͒ with a discrepancy of about 1 nm in terms of the position-noise standard deviation ͑͒. This underestimation of the position noise is believed to originate from the disregard of other minor error sources. The noise analysis in the horizontal modes suggests a higher crossover frequency be used to achieve a smaller position noise. A similar theoretical and experimental study for the vertical modes, where the sensor noise is dominant, suggests that a lower crossover frequency be chosen for a best noise performance. Figure 9 shows experimental 1 m step responses with the crossover frequencies at 25, 65, and 90 Hz. The settling times are about 70, 20, and 10 ms, respectively. As expected, a higher crossover frequency leads to a faster step response. Besides the noise and dynamic performances, another important consideration in the selection of the crossover frequency is the stability. If the crossover frequency were much lower than 25 Hz, the control system could not maintain the closed-loop system stable due to a low control gain. If the crossover frequency were much higher than 90 Hz, one of the system resonance modes would be excited resulting in large structural vibration. Therefore, we chose the optimal crossover frequences without losing the closed-loop stability for the horizontal and vertical modes at 90 and 25 Hz, respectively, after a careful engineering tradeoff study between the noise/disturbance performance and the closed-loop dynamic performance. Figure 10 shows 1 m step responses in x by a MATLAB simulation and an experiment with the controller designed in Sec. 4. The experimental result agrees very well with the simulation, which verifies the accuracy of our system model and the lack of unmodeled nonlinearities such as friction, stiction, or backlash in this maglev system. This fact signifies the utility of the precision maglev technology in nanopositioning applications. Figure 11 shows small step responses and position noises in all six axes. As seen in the figure, the translational position resolution is better than 2 nm in x and y, and 25 nm in z. The lower z axis resolution stemmed from the larger capacitance sensor and A/D electronics noises. For rotational motions, the angular position resolution is about 2 rad in and , and 200 nrad in . Figure  12 provides a 250 m step response in x. Because of the abrupt change in acceleration, small perturbed motions can still be seen in the other 5 axes. However, these perturbations die out quickly due to the controller actions in the other axes.
More Experimental Results
Additional reference trajectories were used to demonstrate the nanoscale motion-control capability of the maglev stage. Figure  13 presents the test results of a square-wave motion with an amplitude of 20 nm and a sinusoidal motion with an amplitude of 50 nm. The periods of the reference commands were 800 ms and 1 s, respectively. The maglev stage is capable of following fine commanded motion trajectories maintaining the same noise level. Figure 14 shows a spherical motion generated to test the 3D motion capability. This hemispherical trajectory was generated by commanding, in every sampling period of 200 s, x, y, and z that followed an equation of a spherical shell parameterized in time. The radius of the hemispherical shell shown in the figure is 50 m, and each circular motion is separated by 0.5 m in the vertical direction. It took merely ten seconds for the magnetic levitator to complete this 3D trajectory.
Conclusions
In this paper, we presented a novel magnetic levitator with 6-DOF nanoscale positioning capability. Possible applications include nanomanipulation, 3D rapid prototyping, manufacture of nanoscale structures, atomic-level manipulation, assembly and packaging of microparts, vibration isolation for delicate instruments, and seismic motion detection. Since no lubricant is needed, this maglev stage is suited in clean-room or vacuum environments in the nanotechnology and semiconductor manufacturing industries. Moreover, the simple mechanical structure without significant nonlinearity can reduce the manufacturing cost and improve the dynamic performance. The minimum number of actuators necessary and sufficient to generate all six-axis motions in our design led to a compact and light-weight moving part. The steady-state power consumption by the whole levitation system is only about a Watt.
Six linear magnetic actuators were incorporated to generate six independent Lorentz forces. A simple pure-mass model is cur- rently being used. After the modal force transformation and the modal displacement transformation were derived, six SISO leadlag controllers were designed and implemented to stabilize each of the 6-axis motions.
A noise propagation model and a stochastic noise analysis helped to quantify the contributions from each noise source to the final collective position noise. The noise analysis suggested that we isolate the floor vibration more effectively and employ quieter A/D converters and capacitance sensor electronics for further reduction of position noise. The discussion on the selection of the optimal crossover frequency used the comparison in step responses and noise performances with various controllers. After considering the response speed and the noise level, we chose the crossover frequencies at 25 Hz in the vertical modes where the sensor and A/D electronics noises were dominant, and at 90 Hz in the horizontal modes where the floor vibration was dominant.
This maglev stage has a position resolution better than 2 nm in horizontal motion. The experimental step responses showed a tens-of-millisecond settling time on average. Several motion trajectories such as a long-distance step response, sinusoidal and square-wave trajectories, and a 3D spherical motion were presented to verify the maglev stage's capability in rapid extendedrange 3D nanopositioning.
